ABSTRACT: A novel in vivo flow evaporimeter is developed to measure human tear-evaporation rates. The flow evaporimeter relies on a well-defined flow field to the eye with known and adjustable flow rates and relative humidities, and quantitatively reproduces evaporation rates for pure water. Mass-transfer analysis of the evaporimeter data elucidates, for the first time, the resistance of the human tear-film lipid layer (TFLL) toward minimizing tear loss to the environment. A pilot study on human subjects validates the feasibility of the flow evaporimeter to obtain the tear-film evaporation rates in vivo. Resistance of the TFLL against tear evaporation is found subject specific. Our flow evaporimeter offers an accurate, safe, and convenient diagnostic tool for clinical evaluation of dry-eye-related maladies.
INTRODUCTION
Dry-eye disease is one of the most frequently encountered human ocular disorders. It afflicts up to 60% of the world's population, depending on geographic region, 1−6 and is exacerbated by dry climates and by aging. 7−10 There are approximately 4 million dry-eye sufferers in the United States alone. 6 ,11−13 Symptoms of dry eye are reported by 25% of patients who visit ophthalmic clinics. 14 A primary cause of dry eye is excessive evaporation of the aqueous of tears. 15 As tear aqueous evaporates, salinity increases. 16, 17 At elevated evaporation rates, increased salinity stimulates afferent corneal epithelial nerves, thereby signaling irritating dry-eye symptoms. 15,18−20 The human tear film, deposited during each blink at approximately 5 μm thick, 21−23 consists mainly of dilute proteins, salts, and mucins. 24 A thin 100 nm tear-film lipid layer (TFLL) coats the anterior surface of the tear. 25, 26 It is thought to function as a barrier against aqueous evaporation.
27 −29 In fact, with an unstable 30−33 or insufficient TFLL, evaporation can be sufficient to irritate and, for some patients, damage the corneal epithelial cell layer.
Clearly, tear-evaporation rate provides a key to understand and possibly alleviate dry eye. Recently, several helpful mathematical models of tear-evaporation dynamics 16, 17, 33 and in vitro experiments 34 have been established. Unfortunately, these results are insufficient to validate evaporation rates from human tears. 34 Indeed, because of the paramount importance of tear evaporation to anterior-eye health, and also to comfortable contact-lens wear, 35 considerable effort has been expended on measuring tear-evaporation rates in vivo. 27,36−59 Two basic in vivo evaporimeter designs are available: those with closed chambers and those with open chambers. Both chamber types are attached to closed goggles to protect against direct eye contact. In a closed-chamber design, relative humidity is detected a set distance away from the eye as a function of time while the chamber accumulates water vapor. These devices include those of Rolando and Refojo, 37 Tsubota and Yamada, 42 Mathers, 44 and Rohit et al. 55, 57 Most reported measurements in closed chambers are with the Mathers' evaporimeter (Oxdata, Portland, OR, USA). 43−46,49−54 In a closed cylinder affixed perpendicularly to a goggle face, the humidity rises as tear evaporates. However, air in the chamber is not completely stagnant due to eye saccades and to lid-blink motion causing the surrounding air to circulate. Accordingly, diffusion is not dominant. In addition, circulation strength is insufficient to mix the surrounding air in the chamber completely, leading to nonuniformly distributed water-vapor concentration in the chamber. Data-interpretation schemes for all closed-chamber instruments assume that the air is wellmixed in the goggle and, accordingly, lead to error. In addition, air temperature in the closed chamber is not uniform, so the values of measured relative humidity are questionable. Evaporimeters open to the environment fall into two classes: those with imposed air flow and those without. Tomlinson and Trees 39 utilized a cylinder open to the environment but with no flow (Servo Med, EP1, Stockholm, Sweden). Two humidity detectors were placed a known distance apart along the axis of the cylinder. Tear-evaporation rate at steady state was ascertained by assuming molecular diffusion between the two detectors. Khanal et al. 60 later used the Servo-Med evaporimeter to study tear evaporation rates on both dry-eye and normal subjects. With this instrument, they determined a threshold tear-evaporation rate of 9.2 × 10 −7 g/cm 2 /s (33 g/ m −2 /h) for dry eye. 60 To our knowledge, this is the only evaporimetric diagnosis for dry eye reported in the literature. 61 The major drawback of the Servo-Med instrument, as noted above, is that air is not stagnant in the chamber attached to the eye, invalidating diffusion-based data interpretation. Further, because the chamber is partially open to the environment, changes in environment lead to differing and uncontrolled results unless a complete environmental chamber is used. 10, 54 Apparently, Cedarstaff and Tomlinson 56 were the first to employ a goggle evaporimeter with imposed flow. Their instrument supplied air humidified to 70% and parallel to contact-lens-covered eyes. These authors do not vary the air flow rate. Later, Goto et al. 48 also employed a flow evaporimeter. In their instrument, dry air flows normal into a goggle and egresses separately through a cylinder affixed to the goggle face and containing an oscillating quartz crystal to detect exit humidity. Strictly, this instrument gives an evaporation rate at zero relative humidity, which is an extremely harsh environment to the eye. Hereto, no provision was made to alter the inlet flow rate to the eye, which surely changes the evaporation rate.
Other instruments have been employed to detect tear evaporation rates indirectly including transient tear thickness from interferometry 31, 32 and transient ocular temperature from IR thermography. 58, 59 As opposed to evaporimeters, both methods detect local evaporation rates and must be averaged. Neither methodology considers the important roles of environment humidity, air flow, and temperature.
Mathers reviews results from the various instruments, many of them contradictory. 50 Unfortunately, he does not elucidate the deficiencies of the various instrument designs. Tearevaporation rate still remains rarely examined during clinical diagnosis. To provide meaningful measurement of in vivo tearevaporation rate, an evaporimeter must provide (1) a well-defined flow field to the eye with known and adjustable flow rates, relative humidities, and temperatures (2) repeatable and accurate evaporation-rate measurements for pure water, closely matching documented values for defined relative humidities and flow rates 34 Only a flow evaporimeter meets the stated criteria. The need for air flow is threefold. First, flow is essential because establishing completely stagnant conditions in a chamber is not possible. Second, tear evaporation into the environment exposes the eye to air flow, as in walking and running, to air conditioning, to forced-air heating, etc. Even during sitting, the human eye is exposed to air currents. Third, and most importantly, a well-defined flow field is necessary to characterize the mass-transfer behavior of the instrument. Without such characterization, it is not possible to assess the TFLL evaporation resistance, the major deterrent to tear evaporation. To understand tear evaporation, air flow is requisite. 34 No currently available evaporimeter has the features cited as necessary to obtain valid tear-evaporation rates and quantitative evaporation resistances of the TFLL on humans. This means that all results obtained to date on, for example, the importance of tear evaporation in dry eye, meibomian-gland disease, 62, 63 tear-salinity control, 16, 17, 33 contact-lens wear, 35, 52, 57, 64 and topical drug delivery 65, 66 are suspect and in need of reexamination. For these reasons, we design an accurate, safe, and convenient flow evaporimeter that meets the stated design criteria and is suitable for clinical evaluation of dry-eye-related maladies. Because the flow evaporimeter supplies its own environment (i.e., air flow, temperature, and humidity), there is no need for an expensive environmental chamber.
EVAPORIMETER DESIGN
2.1. Tear-Evaporation Physics. Figure 1 illustrates that, when a duplex lipid layer covers the tear film, water molecules (small filled circles) first dissolve in the lipid, diffuse across the lipid layer, and then evaporate into the air environment (large open circles). 34 Two resistances to evaporation appear: one for transporting water across the TFLL, R L , and one for transporting the water molecules into the air, R m , the gasphase mass-transfer resistance. 34, 67 Following dissolution into the lipid layer, water evaporation occurs by liquid water molecules gaining sufficient energy to overcome the attractive forces of nearby lipid molecules and escaping from the air/lipid surface as water vapor. Hindrance from the environmental air molecules, however, slows molecular evaporation.
Evaporative water flux in Figure 1 obeys the following linear expression: 34, 67 
where J E is the evaporation rate (flux) in g/cm 2 /s, C sat is the saturation concentration of water vapor in the air at temperature T, C ∞ is the concentration of water vapor in the air far from the evaporating surface, T S is the temperature of the evaporating eye surface, and T ∞ is the temperature of the environment far from the eye. Resistances of the lipid layer and the air environment are in series and, hence, additive. The relative humidity of the environment, R H , appears in the far right of eq 1 and indicates that the evaporation rate changes with relative humidity. This explains the important role of humidity in eye comfort. For example, it is well-known that dryeye discomfort disappears during goggle wear. 31, 68 When the air in the goggles saturates with water vapor (R H = 1), tear evaporation effectively ceases.
Human tear evaporation follows a periodic steady state imposed by the blink process (i.e., repetition of a 0.2-s blink followed by a 5-s open-eye interblink). Equation 1, however, strictly applies at steady state. Fortunately, the periodic temperature excursions of the anterior eye surface are minimal; 33, 69, 70 evaporation rate is, thus, unaffected. Although the resistance of the TFLL to tear evaporation, R L , depends on film thickness, lipid affinity to water molecules, and possibly other lipid physicochemical properties such as viscosity and elasticity, 34 it remains unclear how the human TFLL retards tear evaporation in vivo due to the limitation of available and reliable studies. Apparently, no in vitro model can perfectly reproduce in vivo results. 34 To discern the role of the TFLL (i.e., R L ) in the etiology of dry eye, a quantitative measure of in vivo tear evaporation is essential.
Both environment mass-transfer and TFLL evaporative resistances appear in eq 1. To establish each, we recognize that the environmental mass-transfer resistance of a flow evaporimeter, R m , scales inversely as the air-flow velocity, v, to a noninteger power, β:
Thus, eq 1 can be rewritten as
where ΔC ≡ C sat (T S ) − R H C sat (T ∞ ) and α and β are constants characteristic of the evaporimeter flow field. Provided the flow evaporimeter obeys eq 3 with an evaporative resistance of the TFLL independent of flow velocity, measurement of ΔC/J E as a function of air velocity to the negative β power for differing relative humidities yields a straight line independent of relative humidity. 71 The slope of that line depends only on the instrument, independent of the human subject. The intercept specifies the resistance of the TFLL which in the dissolution/ diffusion picture of Figure 1 is given by
where L is the average thickness of the TFLL, D is the diffusivity of water in the TFLL, and k is the partition coefficient of water dissolved in the lipid layer. 34 R L is a Figure 2 illustrates the flow evaporimeter. The outer Plexiglas cylinder of the evaporimeter is attached perpendicularly to the right face of a sealed swim goggle (Speedo Vanquisher Optical Goggle 7500482, Sydney, Australia). A perforated 2 cm thick Teflon annular disk press fits the inner cylinder concentrically to the outer cylinder. The eye end of the inner cylinder is elevated about 1.5 cm away from the eye surface. The lengths/inner diameters of the outer and inner cylinders are 10/2.54 cm and 13/0.64 cm, respectively. Air of known relative humidity (humidity/ temperature sensor, SHT75, Sensirion, Stafa, Switzerland), temperature (humidity/temperature sensor, SHT75, Sensirion, Stafa, Switzerland), and volumetric flow rate (electronic flow meter, ASF1400, Sensirion, Stafa, Switzerland) is fed through the inner cylinder in impinging flow 72−74 onto the eye. Incoming air moistens by tear evaporation and exits through the outer cylinder. Exit air temperature and relative humidity are measured capacitively by the average readings from two Sensirion humidity/temperature sensors affixed to the outer cylinder approximately 1 and 2 cm downstream from the entrance to the outer cylinder. Exit air humidity and temperature prove insensitive to small changes in the positions of the probes. As illustrated in Figure 2 , inlet relative humidity is measured by a third humidity probe located at the flow inlet. Figure 3 shows that air humidity and flow rate to the evaporimeter are set by mixing dry air with water-saturated air. Laboratory air is filtered and pumped (Aquarium Air Pump, Rena Air 300, Guẗenbach, Germany) to a 1-L fritted-glass water sparger for humidification and to a 10 cm long, 3 cm diameter desiccating column containing indicating Drierite (W. A. Hammond Drierite Co., Xenia, OH, USA). Water-saturated and dry-air flows are adjusted by two downstream 1 cm diameter Swagelok needle valves (Swagelok Northern California, Fremont, CA, USA). Following humidity/temperature and flow measurement, evaporimeter air supply is further mixed by passing through a 10 cm long, 2 cm diameter inline static mixer (Kenics-KM 12-element static mixer, Chemineer, Dayton, OH, USA). The air-supply flow is finely adjusted by the needle valve of the electronic flow meter and is maintained gentle to the eye (typical Reynolds numbers in the inner tube of the evaporimeter are between 20 and 80 characteristic of laminar flow). Data are automatically collected on a computer and analyzed with in-house implementation of available software (Labview 7.0, National Instruments, Austin, TX, USA).
Mass conservation at steady state establishes the tearevaporation rate from the measured increase in exit relative humidity, R He , over that of the inlet air stream, R Hi : 
where J is the mass-evaporative flux from the skin and eye surfaces exposed in the goggle of total evaporation area A, Q is the air volumetric flow rate, M w is the molecular weight of water, R g is the ideal gas constant, and P sat is the vapor pressure of water at absolute temperature, T. Thus, the precision of the evaporimeter depends on the precision of the relative-humidity probes. The evaporation rate in eq 5 includes evaporation from both exposed skin and eye. A skin is the area of skin exposed during open-eye measurement, and A E is the area of the eye palpebral fissure. In summary, the product JA is measured by the flow evaporimeter in closed and open eyes, human skin and eye areas are determined as described below, and the average evaporation rate from the tear film, J E , is calculated following eq 6. Evaporation measurements are then taken as a function of relative humidity and air flow rate, satisfying criterion 1 (see section 1) for an acceptable evaporimeter.
Evaporimeter Validation.
It is critical that the flow evaporimeter conform to eqs 1 and 2 by correctly measuring known evaporation rates for pure water, including the effects of flow and relative humidity (criterion 2; see section 1). This exercise gives independent assessment of the environmental air resistance, R m , and its flow dependence, thereby allowing determination of TFLL resistance on human subjects (see eqs 3 and 4). To our knowledge, no current evaporimeter meets this criterion. To validate our instrument, the right side of an anatomically correct, realistic female mannequin head (MDHelenF3, Roxy Display, Vernon, CA, USA) with additional eye lashes glued above and below the eyes was fitted with the flow evaporimeter. Prior to fitting, the right eye was excised and replaced by agar gel prepared by agarose powder (A9539 Sigma-Aldrich, Milwaukee, WI, USA) that evaporates at the same rate as that of pure water.
34,76 A 1 mL volume of oversaturated agarose solution (99.5 wt % prepared at 100°C) was carefully injected into the carved space and shaped to mimic that of a human eye. The agarose gel subsequently set after reaching equilibrium with room temperature (∼23°C). The evaporating-surface temperature was monitored with a Ktype thermocouple and digital thermometer (HH509R, Omega Engineering, Stamford, CT, USA). The evaporative area of the gelled-mannequin eye was measured following the same procedure as that for human eyes, described below. No correction was necessary for exposed skin area of the mannequin.
All evaporation measurements were performed in an airconditioned room at constant temperature, i.e., T ∞ ∼ 23°C. For the mannequin-eye model, the agarose-gel anterior surface temperature during evaporation measured slightly less than but close to 23°C. Thus, T S ∼ 23°C for the mannequin eye. For human subjects, T S was not directly measured. However, available calculations for the evaporating-tear surface temperature demonstrate minimal deviation from eye temperature. 33, 69, 70 Thus, T S for humans was set to 35°C independent of evaporation rate.
The goggle-wearing eye portion of the mannequin fitted with the flow evaporimeter was placed on an electronic balance (MS 304S, Mettler-Toledo, Columbus, OH, USA) with accuracy of ±0.1 mg. Thus, two simultaneous measurements of the purewater evaporation rate are available: gravimetric and evaporimetric. Figure 4 compares evaporation rates on the mannequin eye from the evaporimeter and from weight loss for differing air flow rates between 2.5 and 22.5 cm/s at 3% inlet relative humidity. Exact agreement between the two measurements in Figure 4 is indicated by a straight line with unity slope. With a fixed unity slope, the best-fit intercept of the shown fitting line is (−4.5 ± 1.7) × 10 −7 g/cm 2 /s, indicating the detection limit and precision of our instrument. Inherent variability of the flow evaporimeter is about 1 order of magnitude smaller than previously reported human tear film evaporation rates. 50, 77, 78 Hence, criterion 2 is met by the new flow evaporimeter. Figure 5 graphs the pure-water evaporation flux at ambient temperature from the mannequin gelled eye as a function of evaporimeter air velocity for three different inlet relative humidities. Lower humidity and higher flow velocity increase evaporation rates, which is in agreement with eqs 1 and 3. These results are consistent with pure-water evaporation rates directly measured at various flow rates and relative humidities. 79, 80 Figure 6 replots the pure-water evaporation flux from the mannequin eye in Figure 5 but in terms of eq 3 for various inlet relative humidities. To determine the power index appearing in the abscissa, a log−log plot of ΔC/J E versus v was first constructed; linear regression of the data yields β = 0.8. Figure   6 clearly reveals a single straight-line relationship between ΔC/ J E and v −β for all relative humidities, confirming the evaporation behavior demanded by eqs 1−3 and giving α = 6.39 (s/cm) 0.2 . Noteworthy is the zero intercept in Figure 6 consistent with the absence of a lipid tear film on the mannequin eye (i.e., R L = 0). Importantly, measurements at differing relative humidities all collapse onto a single straight line, again demanded by eqs 1−3.
These results satisfy evaporimeter criteria 1 and 2. They also mean that once the air-environment mass-transfer resistance (i.e., R m = αv −β ) is measured on the mannequin eye as a function of air flow, the resistance of the TFLL on human subjects, R L , can be ascertained from eq 3 assuming that the environmental mass-transfer resistance is the same as that of the mannequin eye. We assert that the flow evaporimeter provides quantitative assessment of the TFLL in controlling tear evaporation.
EXPERIMENTAL PROTOCOL
3.1. Subjects. A limited pilot study of a small sample size was conducted to establish the feasibility of safe and comfortable measurement of human-tear evaporation rates with the flow evaporimeter. Three healthy male subjects (25.6 ± 6.4 years old) with no signs or symptoms of dry eye or other anterior-segment diseases were recruited from the University of California, Berkeley (UCB). Subjects had no history of contactlens wear and were free of seasonal allergies and systemic medication. All subjects signed the informed consent form (CPHS No. 2013-03-5115) at the beginning of their first visit. This study observed the tenets of the Declaration of Helsinki and was approved by the UCB Committee for Protection of Human Subjects. Each subject was examined by a licensed optometrist at the Clinical Research Center at the School of Optometry, UCB, before and after the flow-evaporimeter validation study at each visit. Standard clinical examinations of vision and the ocular surface (e.g., cornea, conjunctiva, tear film, and adnexa) were performed using high-contrast Snellen charts and a slit lamp biomicroscope, respectively. awakening (7−9 h). To ensure identical conditions, all measurements were conducted on weekdays, and subjects were asked to conduct only their regular activities before measurement. Prior to each tear-evaporation measurement, subjects were required to sit in an air-conditioned room (∼23°C ) to acclimate for a minimum of 15 min. Subjects were subsequently asked to attach the flow-evaporimeter goggle while in a sitting position with their chins and foreheads resting on a slit-lamp support. Once the goggle housing of the flow evaporimeter was placed on the eye, gentle air flow of known flow rate and relative humidity commenced, and inlet and exit air humidity and temperature were recorded over time. Each subject undertook three measurements in a single day with a washout period of a minimum 30 min between measurements.
At commencement of the first evaporation measurement, three digital images of the studied eye were recorded to calculate the exposed palpebral and skin surface areas, A E and A skin . Eye and skin areas within the goggle were determined via a pixel-counting method adapted from Koushan et al. 81 A digital camera (Sony Cyber-Shot DSCH50, Tokyo, Japan) was used to capture three pictures of each subject (or the mannequin eye) in the primary (perpendicular) gaze position. While in a sitting position, the subject was asked to look straight ahead in a relaxed manner during photographing. A US 1-cent coin (diameter = 19.05 mm) was placed in the plane of the eye for magnification calibration. Digital images were subsequently processed with Adobe Photoshop CS5.5 (Adobe Systems Inc., San Jose, CA, USA). The region under the goggle was identified by the light pink mark left after goggle wear. Pixels of the eye and skin area under the goggle were then determined. The pixel-size calibration permitted calculation of the surface areas of the eye and skin. Average exposed ocular surface area from the three separate images was used for later calculation of evaporation flux. Figure 7 shows a typical raw result of humidity versus time for a human subject (red line). The inlet relative humidity is 40% and the flow velocity is 5 cm/s, corresponding to a lightly ventilated room. Approximate velocities for sitting, walking, and bicycling are 10, 100, and 1000 cm/s, respectively. 82 When the eye is open, evaporimeter exit relative humidity rises to a steady value of approximately 67% within 1.5 min of goggleevaporimeter wear. Measured exit relative humidity gauges the evaporation rate from the eye and skin exposed in the goggle. After about 5 min of wear, the subject closes both eyes. Accordingly, relative humidity in Figure 7 falls to a lower steady value corresponding to evaporation from skin alone. Tearevaporation rates are calculated according to eq 5 from the steady plateaus in Figure 7 for open and closed eyes. The difference between open-eye and closed-eye evaporation rates gives the evaporation rate of the tears according to eq 6. For each trial, the inlet flow rate ranges from 5 to 25 cm/s for each of two relative humidities (20 and 40%) following a predetermined randomization scheme. The chosen flow-rate range reflects common indoor conditions. 83 Subjects are asked to blink normally, to look toward the farthest end of the evaporimeter inner cylinder, but not to stare. Evaporimeterexposure time depended on the corresponding time to reach the steady exit humidity, but was limited to no more than 20 min. No discomfort was reported by subjects during or after measurement for all air flow rates and relative humidities.
RESULTS AND DISCUSSION
Average tear-film evaporation rates for the three human subjects from the flow evaporimeter are shown in Figure 8 at various inlet velocities and various relative humidifies. Error bars on the data give standard error for the average of the three subjects each with three separate visits. Measured evaporation rates at low air velocity (5 cm/s) are around 2.9 × 10 −6 and 2.2 × 10 −6 g/cm 2 /s at R H = 20 and 40%, respectively, in accord with previously reported values. 50, 77, 78 Results in Figure 8 indicate considerable promise for the flow evaporimeter, (coined the Berkeley Flow Evaporimeter) to serve as a reliable and quantitative clinical tool which is comfortable, safe, and simple to operate.
Tear-film evaporation rates in Figure 8 increase slightly at lower relative humidity and higher air velocity. However, these effects are considerably less significant compared to those of the pure-water evaporation rate measured from the mannequin model eye in Figure 5 . The likely explanation is the considerable evaporation resistance of the TFLL on humans not present on the mannequin eye. Figure 9 replots the tear-film evaporation flux from the human subjects in Figure 8 , but now reported in terms of eq 3. If we assume the air-flow profile in the goggle of the evaporimeter is identical for human eye and mannequin eye, the environmental mass-transfer resistance, R m , for human subjects should be the same as that previously obtained from mannequin eye (i.e., α = 6.39 (s/cm) 0.2 and β = 0.8) . Figure 9 again reveals a single straight-line relationship between ΔC/J E and v −β from human subjects, confirming the evaporation behavior demanded by eqs 1−3. Moreover, measurements at different relative humidities collapse onto a single straight line (dashed) parallel to that from the mannequin eye. This result validates our assumption that R m for human subjects is identical to that obtained from the mannequin model eye. (i.e., the airphase mass-transfer resistance of the evaporimeter depends primarily on instrument design and not strongly on the particular eye under study). Based on eq 3, the intercept of this line for human subjects in Figure 9 is the TFLL mass-transfer resistance R L (10.54 ± 0.63 s/cm). Upon assuming an average TFLL thickness of 100 nm, 26 the water diffusion permeability in TFLL is thus estimated by eq 4 as 0.95 × 10 −10 m 2 /s in agreement with our previous estimation based on clinical observation on evaporation rate reduction due to lipid layer deficiency. 33 Quantitative extraction of human-TFLL resistance from measured flow-evaporimeter data suggests that R L is not a strong function of air flow or relative humidity. We find that the Berkeley Flow Evaporimeter successfully garners TFLL resistance. Figure 10 plots the average tear-evaporation flux of the three human subjects at T S = 35°C (filled squares) as a function of air-flow velocity at 40% relative humidity compared to corresponding calculated lipid-free water evaporation rates at T S = 35°C (open squares). Open squares in Figure 10 are calculated from the human-subject data after eliminating the TFLL resistance. By setting R L = 10.53 s/cm (see Figure 9) , the environment-air resistance, R m , from each human-subject evaporation rate (filled squares) is determined from eq 3, and subsequently used to calculate the "lipid-free" tear-film evaporation rate (where no TFLL exists and R L = 0) with eq 1. Note the scale change of the ordinate. Calculated lipid-free water evaporation rates at T S = 35°C (open squares) are approximately an order of magnitude larger than those from human tear with a TFLL (filled squares). Figure 10 clearly indicates that the lipid-free water evaporation rate (no TFLL) also strongly depends on air velocity. For example, at an inlet air velocity of around 10 cm/s, which represents sitting in a typical ventilated room, the lipid-free tear-film evaporation rate (no TFLL) is 10-fold higher than the human tear-film evaporation rate. This finding accentuates the importance of the TFLL resistance in controlling human-tear evaporation. It is also in excellent agreement with the current clinical assumption that TFLL reduces tear-film evaporation rates by up to 90%. 27, 28 The shaded region in Figure 10 reports the literature value for human subjects ((1.36 ± 0.65) × 10 −6 g/cm 2 /s).
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Our evaporimeter gives similar results, but in addition, allows evaluation of human TFLL resistance.
To confirm further that the environmental mass-transfer resistance, R m , measured on the mannequin eye (with no TFLL and at ∼23°C) applies to human subjects, we calculated the pure-water evaporation rate from eq 1 at human-eye temperature (T S = 35°C) using α and β determined from Figure 6 . This calculation is shown as open circles in Figure 10 . Lipidfree evaporation rates estimated from both human and mannequin eyes directly overlap. This exercise confirms that the environmental air resistance parameters α and β depend only weakly on temperature. It also strongly suggests that evaporation rates from a "lipid-free" human tear film are equivalent to those from a pure-water film. More importantly, we validate that the Berkeley Flow Evaporimeter obeys the dissolution/evaporation picture of Figure 1 as embodied in eqs 1−3. Figure 11 shows the tear-film evaporation rate plotted in terms of eq 3 from each separate human subject in this study. Slopes of the fit dashed lines are fixed by setting the environmental air resistance equal to that obtained from mannequin eye, as shown in Figure 9 . With this restriction, best-fit intercepts give the TFLL layer resistance of each human subject. Subject description and individual fitted R L values are summarized in Table 1 . Our prototype flow evaporimeter clearly assesses differences in the TFLL mass-transfer resistance among subjects due to, for example, the variation in TFLL thickness and/or in composition by age, race/ethnicity, gender, etc. With human subjects, R L is a dynamic parameter controlled not only by the intrinsic factors, such as age, gender, diet, race, etc., but also by extrinsic factors, such as harsh environmental conditions (dry, windy), contact-lens wear, blink rate, and physical activities (running, bicycling). Changes in the lipid thickness and composition might also vary with the time of the day. Because best-fit slopes in Figures 9 and 11 are not precisely those corresponding to the mannequin eye, especially for subject 1, it is possible that R m varies between individuals. Differences in environmental mass resistance, R m , between the mannequin and the human subjects might be due to differences in eye-cavity shapes and blinking patterns for each subject. Nevertheless, to our knowledge, our effort is the only pilot study to quantify in vivo mass-transfer resistances of the TFLL. The Berkeley Flow Evaporimeter lays a foundation for more extensive clinical studies to evaluate interrelationships among primary physiological variables and tear-film evaporation rates.
Human-subject behavior is variable, requiring large sample sizes to characterize statistically meaningful averages. Thus, a larger clinical sample size is requisite to establish the repeatability and reproducibility of in vivo evaporation-rate measurement by the flow evaporimeter. Our initial humansubject pilot study, although very limited, demonstrates the feasibility of the Berkeley Flow Evaporimeter to serve as a reliable and quantitative clinical tool for quantifying tear-film evaporation rates.
CONCLUSIONS
Lack of a precise, inexpensive, and easy-to-use diagnostic tool prevents optometry clinicians from employing tear-film evaporation rate as simple diagnostic for dry eye. Current devices for measuring tear-evaporation rate incompletely account for evaporation rates varying strongly with air flow and relatively humidity in the surrounding environment, thereby yielding inconclusive and suspect results. We developed a novel flow evaporimeter that accounts for the physical factors known to affect the evaporation rate including air flow, temperature, and humidity and, thus, provides quantitative measurement of in vivo tear-evaporation rates.
Our flow evaporimeter supplies a well-defined flow field to the eye with known and adjustable flow rates and relative humidities, and yields repeatable and accurate evaporation rates for pure water. Environment mass-transfer resistances are quantified for the flow evaporimeter allowing the mass-transfer resistance of the human tear-film lipid layer to be established without the need for an environmental chamber. The flow evaporimeter provides its own environmental conditions. Preliminary in vivo studies on three human subjects validates the feasibility of the flow evaporimeter to obtain tear-film evaporation rates and confirms the additive mass-transfer resistances based on the dissolution/evaporation mechanism undergirding the design of the flow evaporimeter. This is the first work that identifies the mass-transfer resistance from the lipid layer covering human eyes. The Berkeley Flow Evaporimeter is an accurate, safe, and convenient diagnostic tool that meets the requisite design criteria and is suitable for clinical evaluation of dry-eye-related maladies. Table 1 . Data are presented as mean ± SD (n = 6, three for R H = 20% and three for R H = 40%). 
